Hybridization chain reaction quantitatively measures spatial gene expression, co-staining for all four genes 39 simultaneously and with minimal effort. We find considerable variation in the spatial expression pattern of 40 these genes in the eye between species, genotypes, and sexes. We also find that there has been evolution of 41 the regulatory relationship between these genes. Lastly, we show that the spatial interrelationships of these 42 genes evolved between species in the morphogenetic furrow. This is essentially the first 'population 43 genetics of development' as we are able to evaluate wild type differences in spatial and quantitative gene 
Introduction

48
Natural genetic variation within populations has long been the purview of evolutionary and population 49 geneticists, while developmental biologists focus on the effect of large mutations in otherwise isogenic 50 backgrounds (Paaby and Gibson, 2016) . This dearth of work on developmental variation in wildtype genetic 51 backgrounds is in part because developmental approaches have long been restricted to data that is semi- 
61
This is essentially the first 'population genetics of development' as we are able to evaluate wild type differences 62 in spatial and quantitative gene expression at the level of genotype, species and sex. Multiplexing of four genes 63 simultaneously also allows more rigorous analysis of gene co-expression, compared to other techniques that 64 require inference across samples that have been individually stained. We use this enormous developmental evidence that transcription is bursty, the eye disc is composed of a repeated pattern of cells that will become 
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averaging across it, we reduce the impact of differences in transcriptional bursting across the eye disc.
77
The furrow is initiated by hedgehog, which both represses (short range) and activates (long range) hairy 78 (Fig 1) (Felsenfeld and Kennison, 1995; Strutt and Mlodzik, 1997) . hairy represses atonal, preventing 79 precocious neural development anterior to the MF (though this role has been recently contested) (Bhattacharya
80
and Baker, 2012; N. L. Brown et al., 1991; . hedgehog activates the expression of atonal, driving the MF 81 anteriorly (Fig 1) (Heberlein et al., 1993; Ma et al., 1993; Greenwood and Struhl, 1999) . atonal is the proneural 82 gene in Drosophila, establishing the competency to become photoreceptor cells (Jarman et al., 1994) . The 
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There is also some evidence that Delta/Notch repress negative regulators of atonal at the furrow, such as hairy 
91
We analyze the spatial quantitative expression of hedgehog, hairy, atonal, and Delta to understand the evolving 92 regulatory logic of the gene network and changes in spatial dynamics between sexes and species.
93
We term differences in gene expression between species, genotypes, and sexes 'genetic stochasticity', as 94 there are no phenotypic differences between these Drosophila eyes other than size and proportion of 95 photoreceptor subtype. Size is included as a co-factor in the relevant models discussed below, and results only in 96 a larger area being patterned for ommatidia rather than a difference in pattern. In addition, photoreceptor subtype
97
is not determined or affected by the genes expressed during the initial patterning phase in the MF (Cook et al., 
110
North Carolina and inbred for 20 generations (Mackay et al., 2012) .
111
Staging and dissection of larvae 112
All flies were reared on a standard medium at 25° C with a 12-h light/12-h dark cycle. 120 hours after hatching, 113 3 rd instar larva were placed in phosphate buffered saline (PBS) and separated by sex. Their guts were carefully 114 removed posteriorly and their body was inverted anteriorly to expose the brains, eye discs and mouth hooks.
115
After fixation and labeling (described below), eye discs were isolated and mounted. The authors note that while 116 there will be variation in the exact row of the eye that is being patterned between images, replicates were not 117 conducted at the same time nor from the same cross. As such, with up to five replicates per line, any variation in 118 the exact positioning of the furrow will serve to increase noise within the dataset rather than create false signal.
119
Hybridization Chain Reaction (HCR) 120
HCR is unique in that it produces gene expression patterns that are both quantitative and spatial. The DNA 121 probes were designed and synthesized by Molecular Instruments (Choi et al., 2014) (S1 Table) . Four genes were 122 multiplexed in each preparation as orthogonally-designed hairpins allowed the simultaneous amplification of 123 their target sequences (Fig 1, S1 Fig) . Each target mRNA was detected using five DNA probes to annotate the 124 position and expression levels for each of the four assayed genes (hairy, atonal, Delta and hedgehog). Each 125 probe contained two-initiator sequences (I1 and I2) that bound to a specific amplifier.
While other approaches such as FISH can be adapted to detect individual transcripts, HCR has a linear signal 127 that is 20x brighter than FISH, it reduces non-specific background staining, and it can detect 88% of single RNA 128 molecules in a cell with an appropriately low false discovery rate (Ma and Moses, 1995; Pan and Rubin, 1995 
142
Microscopy 143
Three dimensional images of mounted, HCR stained 3 rd instar larva eye discs were acquired on a Zeiss LSM 780 144 laser scanning microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA) with Objective Plan-
145
Apochromat 63x/1.40 Oil. The gain was adjusted to avoid pixel saturation.
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Extraction of gene expression profiles 147
The first steps in the image analysis is bringing each image to the same orientation and segmenting it. Image 148 segmentation produces a mask in which pixels are assigned to objects or background. Here the objects are one 149 or several mRNA molecules. Then the cellular structure of the imaginal disc is approximated using a hexagonal 150 array. Though the real underlying cell structure of the imaginal disc is technically able to be recognized, this was 151 unsatisfactory in our data due to imaging noise. Thus, at the second step using the R package hexbin we 152 constructed a partition of the imaginal disc area into elements that represent pseudo-cells and have a biologically-relevant hexagonal shape (Brennan et al., 1998) . The number of pseudo-cells was selected by visual 154 inspection of the combined image in which the hexagonal structure was overlaid onto the atonal channel to 155 verify fit. We are primarily interested in expression profiles around the MF, providing us a convenient landmark 156 to align images from different preparations, thereby assigning coordinates to the pseudo-cells. However,
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deformations of the eye disc during growth and preparation sometimes distorts the MF. We used splines to 158 correct for any bending or deformation of the MF. Next, using the histograms of cumulative pixel intensities of 159 objects in expression domains and non-expressing areas we estimated the typical intensity of a transcript and 160 typical background signal, respectively. Consequently, the cumulative intensities greater than the background 161 are divided by the intensity attributed to single mRNA molecule to yield counts of mRNA molecules. This 162 normalizes the expression profiles and corrects for differences in microscope gain between images. Finally, the 163 gene expression profiles are estimated for every pseudo-cell.
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Morphological reconstruction and contrast mapping segmentation 165
To detect gene transcripts within the image stacks we applied a version of the MrComas method that was 166 modified for processing 3D images (Kozlov et al., 2017) . This approach first enhances contrast within the image 167 and reduces noise. The images were enlarged by a factor of four with the nearest-neighbor algorithm. They were 168 processed by morphological reconstruction using both opening and closing, where closing (opening) is dilation
169
(erosion) that removes extraneous dark (bright) spots and connects bright (dark) objects (Vincent, 1993). The 170 contrast mapping operator assigns each pixel the maximum value between the pixel-by-pixel difference of the 171 reconstructed images and their pixel-by-pixel product and produces the rough mask for each channel. An image,
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I, is mapping from a finite rectangular subset L onto the discrete plane Z 2 into a discrete set 0, 1, …, N -1 of 173 gray levels. Let the dilation " and erosion " by structural element B be defined as:
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Where ∨ and ∧ denote infimum and supremum respectively. Then formulae: 
182
Opening by reconstructions uses eroded mask as a marker :
184
Then the difference between closing and opening by reconstruction has the meaning of the gradient:
186
To create strong discontinuities at object edges and flatten signal with the objects the contrast mapping operator 187 takes a maximum between the difference and the pixel-by-pixel produce of the reconstructed images and 188 produces a rough mask for each channel:
Subsequently, this mask was subjected to distance transform, which substituted each pixel value with the 
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Approximating the MF 200
We defined the position of the MF as the middle of overlap between hairy and atonal expression. The shape of 201 the MF was approximated with a spline using function smooth.spline in R. The degrees of freedom and other 202 parameters were chosen to make the approximation coincide visually with a MF image.
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Inferring counts of transcript number 204
Segmentation of the image provided a table of coordinates and the shape and intensity characteristics of detected 
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Image registration 215
We applied an affine coordinate transformation to each eye disc to make the corresponding maxima and the width 216 of expression patterns of four genes in different eyes coincide as closely as possible. To do so, we shifted the 217 coordinate system of each eye to its center and also scaled them in the A-P direction. The center of the pattern in
218
A-P direction is the MF.
219
We mapped the expression patterns to a unified hexagonal structure in order to make comparisons between 220 pseudo-cells from individual imaginal discs. The unified cell structure was constructed using the R package 
Filtering and quality controls for each eye disc 227
Some eye imaginal discs were damaged or deformed in the process of dissection or mounting, resulting in regions 228 of erroneous gene expression, such as disruptions to the MF. The expression profile of each disc was examined by 229 eye and these regions were individually trimmed out of the final dataset. At the edges of each eye disc the pattern 230 of the MF was also degraded, so each eye disc was trimmed dorso-ventrally prior to analysis. Outliers were excluded from the dataset, determined as a single member of the five replicates with more than a 3x difference in 232 expression values. This resulted in a final dataset of 55 eye discs.
233
Analysis of individual spatial gene expression patterns 234
We were primarily interested in variation in gene expression profiles across the eye disc, that is using differences 235 in expression averaged across rows along the x-axis. While the y-axis is of interest, variation in the shape, size, 236 degree of deformation, and occasional damage to the disc made this analysis intractable. We fit curves to each 237 gene expression profile using the mgcv package in R, using a generalized additive model with integrated 238 smoothness estimation. Smoothing terms are represented using penalized regression splines. predict.gam was 239 used to fit the curves to the original range of values and down sample the curves to eight points. MANOVAs
240
were performed using the "Pillai" test for species x genotype x sex.
241
Modeling framework to understand variation and evolution of the eye patterning gene network 242
We wanted to understand if cryptic variation existed within the regulatory logic of hairy, atonal, Delta, and 
248
and hedgehog thus it was these relationships that were modeled. We limited the analysis to cells where all genes 249 included were expressed in at least ten molecules.
250
In the previous analysis, we investigated variation in the cryptic spatial quantitative expression pattern of 251 genes in the MF. Here, we will investigate the possibility that genes in the MF have evolved, or harbor variation, coefficients from these models in a MANOVA. We note that we cannot exclude the possibility that other 265 unmeasured genes are responsible for producing this variation.
266
Model for understanding overall variation and evolution of MF structure 267
Lastly, we wanted to understand if there is variation in the relationship between the MF and gene expression, or 
277
Results
278
Individual spatial gene expression patterns 279
First, to characterize the spatiotemporal dynamics of transcriptional activity along the anterior-posterior axis, we 280 took the spatial average of signal across the dorsal-ventral axis and compared between genotypes, sexes, and 281 species (Fig 2A) . The authors note that smoothed curves in the figures were created using smooth.spline in 282 ggplot2, which is not the same method for curve fitting as in the analysis. As such they are meaningful reflections of the patterns in the data but not depictions of actual analyses. We found abundant spatial 284 quantitative variation in expression profiles (Fig 2-3) regulatory relationships between these genes, it is interesting to see that they do not all harbor variation for the 300 same factors. This could potentially be due to the influence of other unmeasured regulatory factors, or to variation in the relationship between these genes and other components in the gene regulatory network.
302
However, whatever the source of 'buffering' of the network, be it the effect of other genes or threshold effects 303 on development, the fact that this information is not retained within the steps of the pathway supports our 304 supposition that this variation does not ultimately have a phenotypic effect.
305
Variation and evolution of the eye patterning gene network 306
There has been evolution in the regulatory logic of hairy and its upstream regulators Delta and hedgehog 307 between species (Fig 4A-C, Table 2 , p = .03). There is also variation between sexes in the regulatory logic of 308 hairy and its upstream regulators Delta and hedgehog (Table 2 , p = .03). There has been significant evolution of 309 the regulatory logic of atonal, in a significant interaction between species and sex (p = 1 x 10 -3 ). Furthermore,
310
while there was no significant effect of genotype for hairy, there is for atonal, indicating that there is variation
311
segregating in the population affecting the relationship between atonal, hedgehog, and Delta (p = 1.6 x 10 -5 ).
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There is also a significant interaction between genotype and sex (p = 1 x 10 -3 ). Thus, the relationship between 
323
However, in anterior to the MF this is not the case. Expression of hairy and hedgehog both increase as the other 324 increases, with widespread co-occurrence.
Variation and evolution of MF structure 327
The amount that the eye discs were shifted is not significant for genotype, sex, or species, suggesting that 328 the relationship of maximum gene expression with the MF does not vary. However, the amount that they were 329 scaled is, after accounting for original differences in size, between species (p = 1.38 x 10 -6 ). This suggests that
330
the total relative width of the MF varies between species, but not between genotypes or sexes. This is also 331 suggestive of evolving interrelationships among genes that could result in broader or narrower areas in which 332 they enhance or suppress expression of one another.
333
Discussion 334
Our results summarize a complicated pattern of variation sorting in the gene network involved in patterning the 335 MF. For example, the overall shape of the expression of hedgehog across the eye disc is different between 336 genotypes, sexes, and there is an interaction between species and sex and genotype and sex. hedgehog 337 upregulates hairy, but hairy has differences in expression between species (which hedgehog does not), 338 genotypes, and there is an interaction between genotype and sex. Thus, the differences seen in upstream 339 regulators, such as hedgehog, are not recapitulated in their downstream targets. In another example, Delta/Notch 340 is expected to repress atonal, but while Delta/Notch is significant for all categories tested atonal is only significant for genotype, sex, and their interaction. It is possible that this variation is being mitigated or 342 dampened by other regulatory factors not assayed here, or that certain aspects of genetic background are more or 343 less sensitive to variation. For example, that fixed variation between species dampens variation at Delta/Notch 344 but sorting variation remains sensitive between genotypes, which propagates to atonal.
345
It may be that all of this variation is within levels tolerated by the network, as it has been shown that gene 346 networks can have thresholds of variation, below which differences in expression are effectively neutral. These 347 thresholds can also be two sided, creating a sigmoidal curve the center of which is neutral phenotypic space 
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There have been other semi-quantitative approaches to studying spatial gene expression patterns. In another 362 study on orthodenticle, the authors found that the spatial and temporal pattern of gene expression was conserved 363 but the amount of gene product was not, though this work was not strictly quantitative given that measurements 364 were from in situ hybridization and reporter constructs and there was no rigorous statistical testing (Goering et 
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One of the important messages from this work is that rigorous statistical testing can uncover molecular 
